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INTRODUCTION
The D212N mutant of bacteriorhodopsin (bR), when
expressed in H. halobium and purified as purple mem-
brane (PMD212N ), undergoes a pH-dependent shift in its
absorption spectrum (1). The pK. of this transition,
which is not observed in wild-type PM, is - 6.7. The
identity of the group undergoing titration is a mystery,
because the protein has no histidines or cysteines and
the shift in the chromophore absorption maximum is too
small (-10 nm) to be associated with a retinylidene
Schiff base protonation change.
It was shown with time-resolved visible difference
spectroscopy (1) that the photochemical cycle of PMD212N
differs above and below this PK.. The M4I2 photoproduct
was detected only at lower pH values, where it was still
significantly reduced relative to the wild type. At high
pH, the only intermediates detected in the millisecond
time range were 2 L-like species with identical visible
absorption spectra, which were therefore distinguish-
able only on the basis of their kinetic properties. We
have used static and time-resolved FrIR difference
spectroscopy to examine further the light-induced struc-
tural changes of this mutant at various pH values.
Analysis of these difference spectra yields a more
detailed picture of the structural alterations induced by
the D212N mutation in the various photointermediates
than is possible with visible absorbance measurements
alone.
MATERIALS AND METHODS
PMD212N samples were generously provided by Janos Lanyi. Samples
were washed in 20 mM TRIS-MES buffer before pelleting for IR
spectroscopy. Spectra of the primary photoproduct were obtained at
-193°C as described previously (2, 3), except that 0.25 x 6 mm
diamond windows (Dubbeldee Harris Diamond Corp., NJ) were used
instead of AgCl. Stroboscopic time-resolved FfIR (TR-FfIR) differ-
ence spectra (4) were obtained at 200C using 0.69 ms temporal
resolution and 4- cm-' spectral resolution.
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RESULTS AND DISCUSSION
Primary photoproduct
The primary photoproduct difference spectra of PMD212N
(Fig. 1) are somewhat different from those previously
obtained for the same mutant expressed in E. coli and
reconstituted in halobacterial lipids (2, 5). Spectral
features associated with the 13-ds component of dark-
adapted bR (bRsso) and its primary photoproduct, which
were seen in the earlier spectra (5), are not observed in
Fig. 1. Evidently, expressing the D212N mutant in a
somewhat rigid PM lattice helps to maintain the protein
and chromophore in a normal light-adapted configura-
tion.
The spectra in Fig. 1, A and B, obtained at pH values
respectively below and above the pK. of the visible
transition, are generally quite similar to each other and
to previously published spectra of the bR - K transition
of wild-type PM (3, 6). The most obvious pH-dependent
features are the negative bands at 1,255 and 1,275 cm- I ,
both of which are smaller in the higher-pH spectrum.
The 1,275- cm- 1 band has been assigned previously to
tyr-185 (7) and has been associated with a deprotonated
tyrosine (8). Moreover, the 1,255 cm- 1 band is also at a
frequency that could be due to a tyrosine CoO vibration,
but for a protonated tyrosine (8). The observation that
raising the pH eliminates both of these bands is consis-
tent with the idea that tyr-185 is strongly affected by the
group being titrated, but is somewhat inconsistent with
the idea that tyr-185 itself could be undergoing a
titration. In particular, if the negative band at 1,275 cm- 1
were due to the ionized form of a titratable tyr-185, it
should be present at high pH and absent at low pH,
which is exactly the opposite of what is observed. It is
more likely that tyr-185 is protonated but strongly
hydrogen bonded, possibly directly to the unknown
group undergoing titration. This hydrogen bond is af-
fected by the bR - K photoreaction, but only (or most
strongly) when the unknown group is in a protonated
state. The reason why the hydrogen bonding of tyr-185
would not also be affected by the bR - K reaction when
the titratable group is deprotonated are not clear.
However, the presence of bands in the wild type bR - K
spectrum indicative of these same tyr-185 hydrogen
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FIGURE 1 Primary photoproduct difference spectra of a PMD212N
sample at pH 6.0 (top) and at pH 8.0 (bottom). The sample tempera-
ture was -193°C. The absorbance of the sample measured under red
illumination was subtracted from the absorbance of the same sample
measured under green illumination as described previously (3).
Spectral resolution was 2 cm-I.
bonding changes (5, 7) suggests that the unknown
titratable residue is normally protonated in wild type
PM in the physiological pH range. Thus its pKa is higher
in the wild type than in the D212N mutant. This is
exactly as expected if asp-212 is normally ionized and
exerts its effect through a simple electrostatic interac-
tion which raises the relative free energy of the depro-
tonated state of a nearby ionizable residue.
L2 photoproduct at high pH
The TR-FfIR data in Fig.2 demonstrate that the
photoproduct of PMD212N that is present in the time
range of 0.7-2 ms at pH 8.0 is probably N, rather than a
second L species as suggested previously (1). The
difference spectrum in Fig. 2 is nearly identical to that
previously published for the bR - N reaction of
wild-type bR at pH ~ 9.0 (4, 9), and significantly
different from time-resolved (10) and low-temperature
(10-12) FfIR difference spectra ofthe bR - L photore-
action. The spectral features that most clearly distin-
guish Fig. 2 as a bR - N rather than bR - L spectrum
are in the amide I and amide II regions (the negative
band at 1,671 cm- I and positive band at 1,554 cm- I ) but
the absence of a negative band near 1,275 cm-1 and the
presence of positive bands at 1,538 cm- I and 1,759 cm- I
are also important indicators.
We have not obtained spectra of this mutant with
sufficiently fast time resolution to analyze the L 1 interme-
diate detected with TR-visible absorbance measure-
FIGURE 2 Time-resolved difference spectrum of a PMD212N sample,
measured at 20°C, pH 8, and - 50% water by weight. Data covering
the time range 0.69-2.76 ms were averaged to calculate this spectrum.
ments (1). However, the observed kinetic behavior of the
L I and L 2 intermediates, and our current reinterpreta-
tion of the latter as N, suggests that in this mutant at
high pH values there is a direct conversion of L to N
(without any formation of M), or else a greatly slowed
L - M decay rate, to a point where it is slower than the
M - N rate, which results in an undetectable M
concentration at all times.
CONCLUSIONS
At low pH, the bR - K reaction of PMD212N proceeds
essentially as with the wild type, and difference bands
near 1,275 and 1,255 cm- I are likely associated with
changes in the hydrogen-bonding of tyr-185. Although
high pH conditions in the PMD212N mutant stilI allow a
fairly normal bR - K reaction, the usual hydrogen
bonding changes of tyr-185 are eliminated. Further-
more, at high pH the L - M decay rate appears to be
considerably slowed. Thus the unidentified group with a
p~ of 6.5 may be needed as a proton donor during M
formation. The group is almost certainly not tyr-185, but
it is near to this residue (as well as to the chromophore
and asp-212) and is perhaps involved in a hydrogen bond
with tyr-185, at least in the D212N mutant.
This work demonstrates that static and time-FfIR
difference spectroscopy can provide detailed informa-
tion about altered reaction pathways in site-directed
mutants of a membrane protein.
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